The influences of rockfall on human engineering have been increasing in Tibet with the rapid development of the western region of China. This study proposed a multi-approach to carry out rockfall investigation and hazard assessment. As a case study, the rockfall hazard from Nang County to Jiacha County in Tibet was assessed. Firstly, we summarized the characteristics of spatial distributions of typical rockfall sources using Digital Elevation Model (DEM) and unmanned aerial vehicle (UAV) aerial images with resolution of 10 m. According to the thresholds of slope angle, slope aspect and elevation distribution of typical rockfall sources, we obtained all of the rockfall source areas in study area semi-automatically in ArcGIS platform. Secondly, we improved the efficiency and accuracy of detailed field investigation by using a three-dimensional (3D) point cloud model and rock mass structure extraction software. According to the analysis result, the dominant joint set was J1, whose orientation was basically consistent with the Yarlung Tsangpo Fault. The combination of J1, J2 and J4 cut the rock mass into blocks of wedge with J1 as potential sliding planes. It was indicated that the stability of the rock mass in study area was mainly controlled by the characters of joint sets. Finally, we applied the improved reclassification criteria of the Rockfall Hazard Vector (RHV) method in rockfall hazard assessment according to protection capabilities of the current protection facilities, making the result more valuable for geohazards prevention work. Based on this multi-approach, we obtained that 10.92% of the 306 provincial highway and 9.38% of the power line were threatened by potential rockfall hazards in study area. The hazard assessment results of study area were also of certain guiding value to the linear project planning and geohazards prevention work. disasters on these projects have received considerable attention. For example, Liu [3], Zhang et al. [4, 5] , and Li et al. [6] made deep analysis and risk assessment on the occurrence mechanisms and movement characteristics of the rockfall disasters along the Sichuan-Tibet railway and highway, respectively. In recent years, with the launching of ultra-high voltage transmission projects such as Central Tibet Grid Interconnection Project and Strategic Electricity Transmission Passage of Sichuan-Tibet Plateau, the threats of rockfall and landslide have become the key points and difficulties in design, construction and operation periods of power grid engineering.
Introduction
Tibet Region is the main part of the Qinghai-Tibet plateau and located at the first rung of terrain in China. In addition, Tibet area is located at the boundary of Indus-Asia plate with frequent tectonic activities, which lead to the extremely high frequency of geological disasters such as rockfalls and landslides. The volumes of failure rock masses in this area are often very large, such as the Yigong landslide on 9 April 2000, whose volume was 2.8 × 10 8 to 3.0 × 10 8 m 3 [1] and the Motuo County Gande Township avalanche on 22 December 2008, whose volume was about 6.128 × 10 8 m 3 [2] . Comparing with other geohazards, rockfall occurs more frequently and widely. With the development of the National Western Development Plan, the Belt and Road, Global Economic Interconnection Strategy, the number of highway and railway projects in Tibet has been gradually increasing. The impacts of the rockfall Figure 1 . Location and regional geological map of study area (a). Location of study area (b). Regional geological map of study area (modified from [21, 22] )).
Basic Geological Conditions of the Study Area
The study area locates in Yarlung Tsangpo River basin, and contains the range from Nang County to Jiacha County (Figure 1b ) in Linzhi City, Tibet autonomous region. It is 56 km long in the east-west direction and about 7 km wide on each sides of the Yarlung Tsangpo River, with an area about 540 km 2 . According to the "Plan for the prevention and control of geological disasters in Linzhi City, Tibet" [23] , Linzhi City was divided into nine key geological hazard prevention areas combined with the risk of geological hazards, population density and the scale of major human engineering construction activities. The study area is located in the third key prevention area of Linzhi city, where landslides and rockfalls are the major geological hazards. There are more than 20 habitations including towns, villages and counties in study area, such as Nang County, Zhongda Town, and Nang Town. There are also many major projects, such as provincial highway 306 and Central Tibet Grid Interconnection Project distributed along Yarlung Tsangpo River. These urban settlements, highways, power lines, and other major projects are the main victims of geological disasters along the Yarlung Tsangpo River.
The altitude of the study area is between 3000 m to 5200 m (as shown in Figure 2 ), and the maximum relief is up to 2200 m, which is the alpine topography in plateau areas. This area crosses the Yarlung Tsangpo Structure Zone (YTSZ) and Gangdise-Nianqintanggula tectonic plate in a northsouth direction, located at the north margin of the eastern section of the YTSZ, and adjoins with the southern edge of the Gangdise magmatic arc. Since the Miocene, the Indian plate has been subducting northward, and the Qinghai-Tibet plateau has been uplifted continuously, which lead to extremely strong tectonic activities in the study area. Many researchers have investigated the influences of tectonic activity on geohazards through geomorphological analysis, geophysical surveys, and finitedifference analysis etc., and proved that tectonic activity was one of the main factors impacting the slope stability [24] [25] [26] . The faults in the area are mainly distributed along the east-west direction, and the rest are distributed along the north-south direction. The famous Great Count Thrust (GCT) is distributed in parallel with the YTSZ from east to west [27] . Along the YTSZ, earthquakes over magnitude MS7.0 have occurred for many times, such as the MS7.7 earthquake in 1947 in the southeast of Nang County [28] , and the MS7.0 earthquake in 1947 in Longzi County [29] .
Lithologies in the study area are mainly dioritic rocks, granitic rocks, conglomerate, Lang County ophiolite melange rocks, phyllite rocks from north to south. The metamorphism grade of rock Figure 1. Location and regional geological map of study area (a). Location of study area (b). Regional geological map of study area (modified from [21, 22] )).
The altitude of the study area is between 3000 m to 5200 m (as shown in Figure 2 ), and the maximum relief is up to 2200 m, which is the alpine topography in plateau areas. This area crosses the Yarlung Tsangpo Structure Zone (YTSZ) and Gangdise-Nianqintanggula tectonic plate in a north-south direction, located at the north margin of the eastern section of the YTSZ, and adjoins with the southern edge of the Gangdise magmatic arc. Since the Miocene, the Indian plate has been subducting northward, and the Qinghai-Tibet plateau has been uplifted continuously, which lead to extremely strong tectonic activities in the study area. Many researchers have investigated the influences of tectonic activity on geohazards through geomorphological analysis, geophysical surveys, and finite-difference analysis etc., and proved that tectonic activity was one of the main factors impacting the slope stability [24] [25] [26] . The faults in the area are mainly distributed along the east-west direction, and the rest are distributed along the north-south direction. The famous Great Count Thrust (GCT) is distributed in parallel with the YTSZ from east to west [27] . Along the YTSZ, earthquakes over magnitude MS7.0 have occurred for many times, such as the MS7.7 earthquake in 1947 in the southeast of Nang County [28] , and the MS7.0 earthquake in 1947 in Longzi County [29] .
Lithologies in the study area are mainly dioritic rocks, granitic rocks, conglomerate, Lang County ophiolite melange rocks, phyllite rocks from north to south. The metamorphism grade of rock mass in the study area is gradually deepened from west to east, and the deformation is also gradually strengthened. mass in the study area is gradually deepened from west to east, and the deformation is also gradually strengthened. 
Methodology
The assessment of rockfall hazard is an extremely complicated work. The procedure of our study is shown as follows: firstly, identify the source areas of rockfalls; secondly, analyze the passage number, passing height, and kinetic energy of falling blocks along the trajectory by numerical simulation; finally, analyze the rockfall hazard in the study area by using the RHV method with an improved reclassification criterion of evaluation parameters.
In this study, we identified the typical source areas of rockfalls firstly based on aerial photos, remote sensing interpretations, and field investigations. Using a Digital Elevation Model (DEM) with a resolution of 10 m, we summarized the distribution characteristics of typical rockfall source areas in lithology, elevation, slope aspect, slope angle, and other factors in the study area. Then, we used these characters to identify other unstable blocks semi-automatically by inputting the distributing thresholds of rockfall source areas into ArcGIS platform [30, 31] . This method was used to identify the rockfall sources in the area from Nang County to Jiacha County in detail.
RHV is a rockfall hazard evaluation method proposed by Crosta and Agliardi based on a threedimensional numerical simulation. This method mainly considers three factors, including the passage number, kinetic energy, and passing height of falling blocks. The values of the three factors can be obtained by the 3D numerical simulation, and reclassified to facilitate the comprehensive evaluation [18] . In this study, Rockyfor3D numerical simulation software was used to obtain the kinematic characteristics of falling blocks. The parameters mentioned above were re-classified by an improved re-classification standard based on the one proposed by Crosta et al. [18] . Finally, a rockfall hazard assessment map of the study area was obtained based on comprehensive analysis of each parameter after re-classification.
Rockyfor3D numerical simulation software was developed based on a large number of field investigations and physical experiments [14] . By inputting the parameters such as locations, shapes and sizes of the unstable blocks, and terrain condition, roughness of slope materials, and vegetation factors into the software, we can obtain the trajectory, passing height, kinetic energy, reach probability, and other kinematic characteristics of the falling blocks [14] . Combined with Rockyfor3D 
RHV is a rockfall hazard evaluation method proposed by Crosta and Agliardi based on a three-dimensional numerical simulation. This method mainly considers three factors, including the passage number, kinetic energy, and passing height of falling blocks. The values of the three factors can be obtained by the 3D numerical simulation, and reclassified to facilitate the comprehensive evaluation [18] . In this study, Rockyfor3D numerical simulation software was used to obtain the kinematic characteristics of falling blocks. The parameters mentioned above were re-classified by an improved re-classification standard based on the one proposed by Crosta et al. [18] . Finally, a rockfall hazard assessment map of the study area was obtained based on comprehensive analysis of each parameter after re-classification.
Rockyfor3D numerical simulation software was developed based on a large number of field investigations and physical experiments [14] . By inputting the parameters such as locations, shapes and sizes of the unstable blocks, and terrain condition, roughness of slope materials, and vegetation factors into the software, we can obtain the trajectory, passing height, kinetic energy, reach probability, and other kinematic characteristics of the falling blocks [14] . Combined with Rockyfor3D numerical simulation and the parameters calibrated by deposition conditions of historical rockfalls in Zhaxilin Village, we analyzed the trajectory and other kinematic parameters of falling blocks in the study area.
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Distribution Characteristics and Mechanism of Rockfall Source Areas
The identification of rockfall source areas was mainly based on the DEM of 10 m resolution, assisted by aerial photos and remote sensing images. In total, 41 source areas of typical rockfalls were identified according to aerial photos, remote sensing interpretation, and field verification in study area. Based on the geological map and the DEM, the principal distribution characters of 41 source areas of typical rockfalls were obtained. The slope angles were mainly between 40° to 90°, slope aspects were mainly between 160° to 260°, and elevations were mainly between 3600 m to 4900 m. By inputting these distributing thresholds into ArcGIS, 90 source areas of rockfalls in study area were identified in detail (Figure 2a ) [31] . Based on the DEM with 10 m resolution, the identification of rockfall sources was limited to rockfalls greater than a scale of 10 m. Furthermore, it was not possible to locate and map each rockfall source area, especially on sub-vertical slopes.
Final identification results show that the sources of rockfalls are mainly distributed in the altitude between 3600 and 4800 m (as shown in Figure 4 ), and mainly on the adrets (Figure 2a .). The elevation distributions of each lithology in the typical profile are shown in Figure 2b ,c. Conglomerate is mainly distributed between 3400-4200 m and granite is above 3700 m. Lang county ophiolite melange and phyllite are distributed below elevation of 3600 m. Comparing the elevation data above, we can obtain that rockfall source areas are mainly distributed in conglomerate and granite areas. We have confirmed the correctness of this conclusion by field investigation works. 
The identification of rockfall source areas was mainly based on the DEM of 10 m resolution, assisted by aerial photos and remote sensing images. In total, 41 source areas of typical rockfalls were identified according to aerial photos, remote sensing interpretation, and field verification in study area. Based on the geological map and the DEM, the principal distribution characters of 41 source areas of typical rockfalls were obtained. The slope angles were mainly between 40 • to 90 • , slope aspects were mainly between 160 • to 260 • , and elevations were mainly between 3600 m to 4900 m. By inputting these distributing thresholds into ArcGIS, 90 source areas of rockfalls in study area were identified in detail (Figure 2a ) [31] . Based on the DEM with 10 m resolution, the identification of rockfall sources was limited to rockfalls greater than a scale of 10 m. Furthermore, it was not possible to locate and map each rockfall source area, especially on sub-vertical slopes.
Final identification results show that the sources of rockfalls are mainly distributed in the altitude between 3600 and 4800 m (as shown in Figure 4 ), and mainly on the adrets (Figure 2a .). The elevation distributions of each lithology in the typical profile are shown in Figure 2b ,c. Conglomerate is mainly distributed between 3400-4200 m and granite is above 3700 m. Lang county ophiolite melange and phyllite are distributed below elevation of 3600 m. Comparing the elevation data above, we can obtain that rockfall source areas are mainly distributed in conglomerate and granite areas. We have confirmed the correctness of this conclusion by field investigation works.
Final identification results show that the sources of rockfalls are mainly distributed in the altitude between 3600 and 4800 m (as shown in Figure 4 ), and mainly on the adrets (Figure 2a .). The elevation distributions of each lithology in the typical profile are shown in Figure 2b ,c. Conglomerate is mainly distributed between 3400-4200 m and granite is above 3700 m. Lang county ophiolite melange and phyllite are distributed below elevation of 3600 m. Comparing the elevation data above, we can obtain that rockfall source areas are mainly distributed in conglomerate and granite areas. We have confirmed the correctness of this conclusion by field investigation works. The study area located at the YTSZ. Profiles in Figure 2b ,c show that the fault facets are mainly distributed in the granite area within the elevation range of 4800-5100 m, with a dip direction of southwest and dip angle of 40 • -55 • .
We conducted detailed field investigation at two sites in study area (locations of site A and B are shown in Figure 1b) , where the lithologies of the both outcrops are conglomerate rocks. The orientation of slope is 210 • ∠ 45 • on both site of A and B. We used GPS real-time kinematic (GPS-RTK) technology and DJI Mavic2Pro unmanned aerial vehicle (UAV) to carry out aerial photographic survey, Agisoft Photoscan to build 3D point cloud model, and COLTOP software to extract structural feature of rock mass. The slope was too steep to climb and the limiting flight altitude of DJI Mavic2Pro UAV was 500 m, thus, we could only get the aerial photographs of conglomerate area and phyllite area which were distributed in the lower part of the slope. As mentioned above, phyllite area was not the typical area of rockfall. Therefore, we only analyzed the rock mass structure of the conglomerate area. Figure 5 shows the data of field investigation. The black frames in Figure 5 are the statistical window of joints, with the length of 50 m. According to the results of field measurement and COLTOP analysis, there are four sets of joints for rock masses in study area. The attitudes of J1, J2, J3, and J4 are about 193 • ∠ 43 • , 311 • ∠ 81 • , 116 • ∠ 67 • , and 232 • ∠ 80 • , respectively. Details for the four sets of joints are shown in Figure 5 . J1 is almost dipping towards the valley whose orientation is in accordance with Yarlung Tsangpo Fault. The combination of J1, J2, and J4 cuts the rock mass into wedges. When there are heavy rainfalls, earthquakes, or other trigger factors, it is extremely possible for these unstable blocks to move downward in the form of rockfalls.
According to the analysis above, the joints of the rock mass in the study area are well developed. The stability of the rock mass is mainly affected by these joints. The lithology on both sides of Yarlung Tsangpo River is mainly phyllite, conglomerate, and granite. Affected by the structure of phyllite and many groups of joints, the rock masses of phyllite are severely fragmented, leading to the phyllite zone to be the prone area of landslide disasters. Brittle conglomerate and granite [32] are cut by several sets of joints to form blocks, wedges, and other geometric forms that are likely to move downward from the parent rocks in the form of rockfall. Therefore, the rockfall sources in the study area are concentrated on the conglomerate and granite areas. The study area located at the YTSZ. Profiles in Figure 2b ,c show that the fault facets are mainly distributed in the granite area within the elevation range of 4800-5100 m, with a dip direction of southwest and dip angle of 40°-55°.
We conducted detailed field investigation at two sites in study area (locations of site A and B are shown in Figure 1b) , where the lithologies of the both outcrops are conglomerate rocks. The orientation of slope is 210° < 45° on both site of A and B. We used GPS real-time kinematic (GPS-RTK) technology and DJI Mavic2Pro unmanned aerial vehicle (UAV) to carry out aerial photographic survey, Agisoft Photoscan to build 3D point cloud model, and COLTOP software to extract structural feature of rock mass. The slope was too steep to climb and the limiting flight altitude of DJI Mavic2Pro UAV was 500 m, thus, we could only get the aerial photographs of conglomerate area and phyllite area which were distributed in the lower part of the slope. As mentioned above, phyllite area was not the typical area of rockfall. Therefore, we only analyzed the rock mass structure of the conglomerate area. Figure 5 shows the data of field investigation. The black frames in Figure 5 are the statistical window of joints, with the length of 50 m. According to the results of field measurement and COLTOP analysis, there are four sets of joints for rock masses in study area. The attitudes of J1, J2, J3, and J4 are about 193° < 43°, 311° < 81°, 116° < 67°, and 232° < 80°, respectively. Details for the four sets of joints are shown in Figure 5 . J1 is almost dipping towards the valley whose orientation is in accordance with Yarlung Tsangpo Fault. The combination of J1, J2, and J4 cuts the rock mass into wedges. When there are heavy rainfalls, earthquakes, or other trigger factors, it is extremely possible for these unstable blocks to move downward in the form of rockfalls.
According to the analysis above, the joints of the rock mass in the study area are well developed. The stability of the rock mass is mainly affected by these joints. The lithology on both sides of Yarlung Tsangpo River is mainly phyllite, conglomerate, and granite. Affected by the structure of phyllite and many groups of joints, the rock masses of phyllite are severely fragmented, leading to the phyllite zone to be the prone area of landslide disasters. Brittle conglomerate and granite [32] are cut by several sets of joints to form blocks, wedges, and other geometric forms that are likely to move downward from the parent rocks in the form of rockfall. Therefore, the rockfall sources in the study area are concentrated on the conglomerate and granite areas. 
Numerical Simulation of Rockfall
To obtain the kinetic energy, trajectory and other characters of falling blocks by the simulation software, we have to input rebound parameters to the program firstly. In general, rebound parameters are divided into two kinds. One is the property of slope material, which contains hardness, roughness, vegetation coverage, etc. The other is the property of block, which contains shape, size, density, etc. Back analysis is essential to obtain these parameters. For local rockfall analysis, the 
To obtain the kinetic energy, trajectory and other characters of falling blocks by the simulation software, we have to input rebound parameters to the program firstly. In general, rebound parameters are divided into two kinds. One is the property of slope material, which contains hardness, roughness, vegetation coverage, etc. The other is the property of block, which contains shape, size, density, etc.
Back analysis is essential to obtain these parameters. For local rockfall analysis, the rebound parameters are better to be calibrated at the site of interest [33] . However, for regional analysis, we can only choose the typical rockfall site to carry out the back analysis. Calibration of the rebound parameters for this study is carried out at a typical rockfall (point C in Figure 1b ) in Zhaxilin Village. The lithologies of back analysis area are mainly conglomerate, phyllite and quaternary alluvium, which contains the typical classes of rock and soil mass of the study area. Moreover, the slope angle, vegetation coverage and the size of blocks at the site of Zhaxilin Village rockfall are typical for entire study area according to the field investigation. Therefore, we chose the rockfall in Zhaxilin Village as the back analysis area for rebound parameters.
Back Analysis of Rebound Parameters
As mentioned above, a typical rockfall in Zhaxilin Village (Figure 6a ) was selected as the back analysis area for rebound parameters. The elevation range from the foot to the top of the slope is 3140-5180 m, and the slope direction is 170 • . It is an ancient rockfall site, confirmed by the morphology and deposit conditions of rocks around the slope. The rear edge of the slope is extremely steep with sparse shrubs grown around the foot of the relief (as shown in Figure 6b ). The Yarlung Tsangpo River passes the front of the slope from west to east. Along the bank of the river, there are many conglomerate blocks deposited with different sizes, in which the maximum volume is up to 7 × 5 × 5 m 3 (as shown in Figure 6c ). The source area of this rockfall is mainly located at the exposed conglomerate belt in back analysis area, as shown in Figure 6b rebound parameters are better to be calibrated at the site of interest [33] . However, for regional analysis, we can only choose the typical rockfall site to carry out the back analysis. Calibration of the rebound parameters for this study is carried out at a typical rockfall (point C in Figure 1b ) in Zhaxilin Village. The lithologies of back analysis area are mainly conglomerate, phyllite and quaternary alluvium, which contains the typical classes of rock and soil mass of the study area. Moreover, the slope angle, vegetation coverage and the size of blocks at the site of Zhaxilin Village rockfall are typical for entire study area according to the field investigation. Therefore, we chose the rockfall in Zhaxilin Village as the back analysis area for rebound parameters.
As mentioned above, a typical rockfall in Zhaxilin Village (Figure 6a ) was selected as the back analysis area for rebound parameters. The elevation range from the foot to the top of the slope is 3140-5180 m, and the slope direction is 170°. It is an ancient rockfall site, confirmed by the morphology and deposit conditions of rocks around the slope. The rear edge of the slope is extremely steep with sparse shrubs grown around the foot of the relief (as shown in Figure 6b ). The Yarlung Tsangpo River passes the front of the slope from west to east. Along the bank of the river, there are many conglomerate blocks deposited with different sizes, in which the maximum volume is up to 7 × 5 × 5 m 3 (as shown in Figure 6c ). The source area of this rockfall is mainly located at the exposed conglomerate belt in back analysis area, as shown in Figure 6b ,d. Figure 2 ).
According to the lithology, roughness, and the vegetation coverage, the slope materials from the relief to the other side of the Yarlung Tsangpo River are divided into four categories (as shown in Figure 7 ). Subareas ①-④ , respectively, correspond to the brittle rock zone, soft rock zone, quaternary alluvium zone, and the Yarlung Tsangpo River. For the whole study area, the brittle rock zone contains conglomerate and granite, while the soft rock zone contains phyllite and melange. Due to the accessibility limitation of the back analysis area, we use conglomerate and phyllite to obtain the parameters of the brittle rock area and the soft rock area, respectively. The selected size of falling According to the lithology, roughness, and the vegetation coverage, the slope materials from the relief to the other side of the Yarlung Tsangpo River are divided into four categories (as shown in Figure 7 ). Subareas 1 -4 , respectively, correspond to the brittle rock zone, soft rock zone, quaternary alluvium zone, and the Yarlung Tsangpo River. For the whole study area, the brittle rock zone contains conglomerate and granite, while the soft rock zone contains phyllite and melange. Due to the accessibility limitation of the back analysis area, we use conglomerate and phyllite to obtain the parameters of the brittle rock area and the soft rock area, respectively. The selected size of falling block is based on the statistical analysis result of the size of deposited blocks around the slope. The mean size is taken as 4 × 3 × 3 m 3 , and the size variation range is ±20%. The shape is set as cuboid, and the density of rock mass is set as 2800 kg/m 3 considering the experimental data of conglomerate and granite rocks. In Figure 7 , there are 553 grids in the source area. The calculation is set for 1000 times, which means 5.53 × 10 5 blocks are thrown down. Using Rockyfor3D numerical simulation software, based on the distribution of deposited blocks on the slope surface, the parameters for 3D rockfall simulation were back analyzed. It was calculated that the deposited numbers of blocks in the three regions A, B, and C in Figure 7 account for 34%, 61%, and 5% of the total amount of thrown blocks, respectively, which was in line with the distribution characteristics of deposited blocks observed on site. It is considered that the selected parameters were reasonable. The parameters of slope materials obtained by back analysis are shown in Table 1 .
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3D Numerical Simulation
Based on a semi-automatic approach for identifying rockfall sources, we obtained the source areas of rockfalls. The input parameters of the unstable rocks were evaluated as Table 2 . We run 100 blocks from each source grid. 
Based on a semi-automatic approach for identifying rockfall sources, we obtained the source areas of rockfalls. The input parameters of the unstable rocks were evaluated as Table 2 . We run 100 blocks from each source grid. Based on the parameters obtained by back analysis and the source areas obtained by the semi-automatic approach, the kinematic characteristics of rockfalls from Nang County to Jiacha County were simulated and analyzed. The results are shown in Figure 8 . Based on the parameters obtained by back analysis and the source areas obtained by the semiautomatic approach, the kinematic characteristics of rockfalls from Nang County to Jiacha County were simulated and analyzed. The results are shown in Figure 8 . 
Rockfall Hazard Assessment in the Study Area

Reclassification of Rockfall Calculation Parameters
The passage number, kinetic energy, and jump height of falling blocks obtained by numerical simulation were not uniform. In order to obtain rockfall hazard rating index by superimposing these evaluation parameters, it is necessary to reclassify these parameters.
The number of blocks passed through the slope was standardized firstly. Crosta et al. indicated that a certain part of the slope is dangerous until at least five or more blocks passed through [18] . Therefore, they proposed that the number of falling blocks passed through a certain position on the slope should be standardized by (5 × n) (where n was the number of falling blocks from one grid). In the numerical simulation of this study, the number of falling blocks from one grid is 100; thus, the number of standardized passed blocks is c/(5 × 100) (c is the number of blocks passed through a certain position of the slope). The kinetic energy classification criterion is mainly based on the protection capabilities of the current flexible protection and rigid protection facilities. At present, the maximum protection level of the flexible protective net can reach about 2500 kJ, and the general rockdam can reach about 40,000 kJ [34, 35] . Due to the large size of conglomerate blocks in the rockfall source area of this study area (as shown in Figure 6c ), and the high kinetic energy after they break away from the parent rock (as shown in Figure 8c ), the flexible protective net is basically incapable to intercept them. However, we can still choose 2500 kJ and 40,000 kJ as the energy grading standards. In recent protection engineering, the height of the flexible protective net is generally about 5-7 m, and the designed height of the rock retaining wall is generally about 10 m. Thus, we chose 5 m and 10 m as the grading standards for the heights of the blocks when they pass through the slope. The parameter reclassification criteria of rockfall hazard assessment are shown in Table 3 . Table 3 . The parameter reclassification criteria of rockfall hazard assessment (Modified from Crosta et al. [18] ).
Rank c/NO. (Standardized) k/Kinetic Energy (kJ) h/Height (m)
1 <0.2 ≤2500 ≤5 2 0.2-1 2500-40,000 5-10 3 >1 ≥40,000 ≥10
Rockfall Hazard Assessment
According to the reclassification results of the kinetic energy, passing height, and passage number of falling blocks, the vector values of (R, H, V) for all the rasters were obtained. According to values of |RHV| (as shown in Table 4 ), the rockfall hazard in the study area was divided into three levels: I [4.123, 5.196] , II [3, 4.123] , and III [1.732, 3], corresponding to a hazard level of high, medium, and low, respectively. The hazard mapping results are shown in Figure 9 . Provincial highway 306 in the study area is located on the right bank of the Yarlung Tsangpo River; thus, it is mainly affected by the rockfalls on the right bank. The length of the 306 provincial highway is 91,620 m in the study area, and the length affected by rockfall is 10,010 m, accounting for 10.92% of the 306 provincial highway in the study area. The total length of the transmission line is about 60,860 m in the study area, and the length affected by rockfall is 5710 m, accounting for 9.38% of the transmission line in the study area. The number of pylons affected by rockfall is 17, and the numbers located in high, medium, and low hazard areas are 6, 6, and 5, respectively. Here, we have mentioned that the public infrastructure was exposed at rockfall hazard. According to Corominas et al., this is one of the components of risk [36] . Since the highway and pylons are inanimate objects, the rockfall risks they take basically depend on the rockfall hazards of the locations where they are. Therefore, pylons within high risk zones of rockfalls are concentrated on the east part of the study area. The partitions of highway within high risk zones are concentrated on the central and east parts of the study area.
Conclusions
The study area is strongly affected by neotectonic movement, which results in its complex formation lithology and fragmented rock mass. Rockfall is one of the main geohazards in this study area. A multi-approach for rockfall investigation and hazard assessment was proposed in this paper, combining with DEM of 10 m resolution, UAV and RTK techniques, COLTOP and Rockyfor3D software, and an improved RHV assessment method. Through this multi-approach, we can quickly obtain large amounts of data, and thus, overcome the shortcoming of time consuming and limitation on viewing angle of the traditional field identification work. We also improved the parameters reclassification criterion of the RHV rockfall hazard assessment method (Crosta et al. [18] ) for getting more helpful results. Considering that Tibet is one of the most rugged environments for field investigation, the multi-approach applied to this area could also be applied to other areas where conditions are similar or better.
This multi-approach for rockfall investigation and hazard assessment solved the problem of lacking detailed historical data of rockfalls for the areas that are needed to carry out quantitative hazard assessment. In this study, the rockfall hazard from Nang County to Jiacha County in Tibet was assessed. The result indicated that 10.92% of the 306 provincial highway and 9.38% of the power line were threatened by potential rockfall hazard in study area. It also has a certain guiding value to the linear project planning and future geohazards prevention work in the study area.
Certainly, there are some limitations of our study, such as the elevation limitation of the point cloud data caused by ability limitation of the UAV and the identification limitation of rockfall sources in sub-vertical areas. We would need to carry out more field investigation and comparative analysis under different conditions to improve this multi-approach in further research, and verify its applicability to different areas in subsequent research. Provincial highway 306 in the study area is located on the right bank of the Yarlung Tsangpo River; thus, it is mainly affected by the rockfalls on the right bank. The length of the 306 provincial highway is 91,620 m in the study area, and the length affected by rockfall is 10,010 m, accounting for 10.92% of the 306 provincial highway in the study area. The total length of the transmission line is about 60,860 m in the study area, and the length affected by rockfall is 5710 m, accounting for 9.38% of the transmission line in the study area. The number of pylons affected by rockfall is 17, and the numbers located in high, medium, and low hazard areas are 6, 6, and 5, respectively. Here, we have mentioned that the public infrastructure was exposed at rockfall hazard. According to Corominas et al., this is one of the components of risk [36] . Since the highway and pylons are inanimate objects, the rockfall risks they take basically depend on the rockfall hazards of the locations where they are. Therefore, pylons within high risk zones of rockfalls are concentrated on the east part of the study area. The partitions of highway within high risk zones are concentrated on the central and east parts of the study area.
The study area is strongly affected by neotectonic movement, which results in its complex formation lithology and fragmented rock mass. Rockfall is one of the main geohazards in this study area. A multi-approach for rockfall investigation and hazard assessment was proposed in this paper, combining with DEM of 10 m resolution, UAV and RTK techniques, COLTOP and Rockyfor3D software, and an improved RHV assessment method. Through this multi-approach, we can quickly obtain large amounts of data, and thus, overcome the shortcoming of time consuming and limitation on viewing angle of the traditional field identification work. We also improved the parameters re-classification criterion of the RHV rockfall hazard assessment method (Crosta et al. [18] ) for getting more helpful results. Considering that Tibet is one of the most rugged environments for field investigation, the multi-approach applied to this area could also be applied to other areas where conditions are similar or better.
Certainly, there are some limitations of our study, such as the elevation limitation of the point cloud data caused by ability limitation of the UAV and the identification limitation of rockfall sources in sub-vertical areas. We would need to carry out more field investigation and comparative analysis under different conditions to improve this multi-approach in further research, and verify its applicability to different areas in subsequent research.
